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Why do we care about the Electric Car?

OPPORTUNITY:
* Reduced OIl Imports

 Reduced Energy Related Emissions

* Lower & More Stable Fuel Cost
(< $1.00/gallon of gasoline equivalent)

PROBLEM:
Current Battery Technology -
Insufficient Energy Density/Range, Too Expensive
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Do batteries have the potential to rival the energy density of
gasoline powered vehicles on a system level?
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Do batteries have the potential to rival the energy density of
gasoline powered vehicles on a system level?
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Do batteries have the potential to rival the energy density of
gasoline powered vehicles on a system level?

CELL
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Do batteries have the potential to rival the energy density of
gasoline powered vehicles on a system level?

PACK
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Do batteries have the potential to rival the energy density of
gasoline powered vehicles on a system level?

SYSTEM
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Do batteries have the potential to rival the energy density of
gasoline powered vehicles on a system level?

Li-lon
Advanced Li-lon
Li-S

Zn-Air

Al-Air

Li-Air

Gasoline

0 2,000 4,000 6,000 8,000 10,000 12,000 14,000

Energy Density (Wh/kg)

- :_b ~ - ‘1'": U.S. DEPARTMENT OF
1 o _ @ ENERGY
\ I I \ Advanced Research Projects Agency * Energy



FACT: Batteries have the potential to rival the energy density
of gasoline powered vehicles on a system level

Li-lon i

Advanced Li-lon

Li-S

Zn-Air

Al-Air

Gasoline

e

I

_—
S

0 200 400 600 800 1000 1200 1400 1600
Energy Density (Wh/kg)

s V ;‘: U.S. DEPARTMENT OF
i | ’ . @WENERGY
\ I I ‘ Advanced Research Projects Agency  Energy




Widespread Adoption of EV’s Requires LONGER RANGE and
COST Parity with Internal Combustion Engine Vehicles

COST: ICE Cost Benchmark ~ 24¢/mile
RANGE: 250+ mile range needed to eliminate “range anxiety”
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Widespread Adoption of EV’s Requires LONGER RANGE and
COST Parity with Internal Combustion Engine Vehicles

COST: ICE Cost Benchmark ~ 24¢/mile
RANGE: 250+ mile range needed to eliminate “range anxiety”

Battery Pack Cost . . .
Discounted Vehicle Cost per Mile
($/kWh) P
600 (0.22) (0.27) (0.32) (0.37) (0.42) (0.47) (0.52)
500 (0.21) (0.25) (0.29) (0.34) (0.38) (0.42) (0.46)
400 (0.20) (0.24) (0.27) (0.30) (0.34) (0.37) (0.40)
300 (0.19) (0.22) (0.24) (0.27) (0.29) (0.32) (0.34)
250 (0.19) (0.21) (0.23) (0.25) (0.27) (0.29) (0.32)
200 (0.19) (0.20) (0.22) (0.24) (0.25) (0.27) (0.29)
150 (0.18) (0.19) (0.21) (0.22) (0.23) (0.24) (0.26)
Vehicle Range (mi) 50 100 150 200 250 300 350

o o((a
\ l I \ b Advanced Research Projects Agency * Energy



Widespread Adoption of EV’s Requires LONGER RANGE and
COST Parity with Internal Combustion Engine Vehicles

COST: ICE Cost Benchmark ~ 24¢/mile
RANGE: 250+ mile range needed to eliminate “range anxiety”

Battery Pack Cost Discounted Vehicle Cost per Mile
($/kWh)
Now
600 (0.22) (0.32) (0.37) (0.42) (0.47) (0.52)
500 (0.21) 0 (0.29) (0.34) (0.38) (0.42) (0.46)
400 (0.20) (0.24) (0.27) (0.30) (0.34) (0.37) (0.40)
300 (0.19) (0.22) (0.24) (0.27) (0.29) (0.32) (0.34)
250 (0.19) (0.21) (0.23) (0.25) (0.27) (0.29) (0.32)
200 (0.19) (0.20) (0.22) (0.24) (0.25) (0.27) (0.29)
150 (0.18) (0.19) (0.21) (0.22) (0.23) (0.24) (0.26)
Vehicle Range (mi) 50 100 150 200 250 300 350
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Widespread Adoption of EV’s Requires LONGER RANGE and
COST Parity with Internal Combustion Engine Vehicles

COST: ICE Cost Benchmark ~ 24¢/mile

RANGE: 250+ mile range needed to eliminate “range anxiety”

Battery Pack Cost . . .
y Discounted Vehicle Cost per Mile
(S/kWh)
Now

600 (0.22) (0.32) (0.37) (0.42) (0.47) (0.52)
500 (0.21) 0. (0.34) (0.38) (0.42) (0.46)
400 0200 (024 ' Large EV Penetration
300 (0.19) (0.22) (0.24) 0.79 (0.32) (0.34)
250 (0.19) (0.21) (0.23) (0.27) (0.29 (0.32)
200 (0.19) (0.20) (0.22) (0.25) (0.27)
150 (0.18) (0.19) (0.21) (0 (0.23) (0.24) (0.26)

Vehicle Range (mi) 50 100 150 200 250 300 350
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Widespread Adoption of EV’s Requires LONGER RANGE and
COST Parity with Internal Combustion Engine Vehicles

COST: ICE Cost Benchmark ~ 24¢/mile

RANGE: 250+ mile range needed to eliminate “range anxiety”

Battery Pack Cost . . .
y Discounted Vehicle Cost per Mile
($/kwh)
Now
600 (0.22) (0.32) (0.37) (0.42) (0.47) (0.52)
500 (0.21) 0. (0.34) (0.38) (0.42) (0.46)
400 020 (2 Large EV Penetration
..... 300 . .|d e 022 (029 e e LS,
(0.19) (0.21) . (0.27) (0. 0.32)
l, 200 (0.19) (0.20) (0.22) (0.25) (0.27) .
150 (0.18) (0.19) (0.21) (0 (0.23) (0.24) (0.26)
Vehicle Range (mi) 50 100 150 200 250 300 350
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Widespread Adoption of EV’s Requires LONGER RANGE and
COST Parity with Internal Combustion Engine Vehicles

COST: ICE Cost Benchmark ~ 24¢/mile
RANGE: 250+ mile range needed to eliminate “range anxiety”

Battery Pack Cost
(S/kWh)

600
500
400
300

Discounted Vehicle Cost per Mile

Now I
(0.22) ’@ (0.32) (0.37) * (0.42) (0.47)
(0.21) o . 0.34) | (0.38) (0.42)

(0.30)
(0.19) (0.22) (0.24) )

(0.27)
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ARPA-E BEEST Program Primary Goals: $52.8M/3 years

“Batteries for Electrical Energy Storage in Transportation”

RANGE COST
seesT | 200+ | | 300+ | [ <250 |
ZXﬁ 1.5xﬁ 3Xﬁ
curent (100 | | 200 | | 750 |
System Energy System Energy System Cost
(Wh/kg) (WhiL) ($/kWh)
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ARPA-E BEEST Program: Secondary Technical Targets

2.1

2.2

2.3

2.4
2.5

2.6

2.7

2.8

Specific Power Density
(80% Depth of Discharge, 30s)

Volumetric Power Density
(80% Depth of Discharge, 30s)

Cycle Life

Round Trip Efficiency

Temperature Tolerance

Self Discharge

Safety

Calendar Life

400 W/kg (system) 800 W/kg (cell)

600 Wiliter (system) 1200 W/liter (cell)

1000 cycles at 80% Depth of Discharge (cell/system),
with cycle life defined as number of cycles at which a
>20% reduction in any energy/power density metric
occurs relative to the initial values

80% at C/3 charge and discharge

-30 to 65C, with <20% relative degradation of energy
density, power density, cycle life and round trip
efficiency relative to 25C performance

<15%/month self-discharge (of initial specific energy
density or volumetric energy density)

Tolerant of abusive charging conditions and physical
damage without catastrophic failure

10 Years

> 3
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BEEST Portfolio: Advanced Chemistries & Manufacturing

Recapping Inc.
ﬁTANFORD
{NGIN[[RING
b
FastCAP
L

10 Advanced Prototyping Projects: $47.1M
4 Seedlings: $5.7M
TOTAL: $52.8M/3 years

Upside o el
P System Targets: (Capacitive)
- i
300-800 WhiL (Flow Batt) / FLUIDIC M“’S‘%”IR‘-
(Metal-Air) S&
Advanced Lithium REVOLT?: (Li<Air)
m Pellion Technologies Inc. _
(Zn-Air
_— (Mg-lon)
@) Enames Ultra-High
(Solid State Li) envid Energy
(Bl eneis) Infrastructure Compatible
@ ﬁ,&l?l'lzllillgl_DS @InorganicSpecialists,Inc. ngh Energy Mate“als

“Time to Market”
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Envia Systems (Newark, CA): $4.0M/2 years envid

sssssss

“400 Wh/kg Li-ion Battery” vs 220 Wh/kg state-of-the-art

5.0 T

Current Status:

ER'E - High energy cells in coin cell format
S 401 ——LiFep04 exceeding over 100 cycles
w3 === Envia's HCMR Cathode
; 35 _ 2000
g 30 ‘\ TB00 e - 100
8 25 - <1600 - 1
) + HCMR™ Cathode: 280 mAh/gm £1400 - T 80
% 2055 ;pxmi_“%”hww‘““MAﬁ;.ww“ml :60
o [ §1000 + Charge (Anode weight) 1
0 100 200 300 & 800 + Discharge (anode weight) 1 40
Specific Capacity (mAh/g) £ 600 e Charge (cathode weight) 1
‘g 400 @ Discharge (cathode weight) 1 90
Silicon-Carbon Composite Anode & 200
Capacity:
1200 mAh/g

* $17M follow-on led by GM Ventures
« GM agreement to use Envia cathode
In next generation Chevy Volt

) 9 £ 0/25/. 6:2. 1.00um
» - - ~"""’w ) U.S. DEPARTMENT OF
.Zi 2 ale X _ W ENERGY
\ I I \ Advanced Research Projects Agency * Energy -

S-4800 10.0kV 4.9mm x50.0k 10/25/2010 16:24




Applied Materials (Santa Clara, CA): $4.4M/2.5 years

(Bringing the leading semiconductor equip company into battery manufacturing)

» Platform manufacturing technology

» Dramatic reduction in factory footprint

» 50% reduction in factory cost; battery cost

Direct
prismatic
assembly

» Advanced Li-ion materials

. 600 f B Pack Overhead
g O Other Variable Costs
= 500 I MW Labor
3} f OR&D
: : ; : 2 400 L O Depreciation
» High capacity cathode: porosity graded § g 2 Other Coll Materials
E) 300 — [ Cell Materials (Excl. Tabs and Package) |
. . . w0 r
» High capacity Si-based anode (z 200 | E
E)' 00
= 1
» Integrated low cost separator o i
.

State-of-the-Art NCA-Graphite  Proposed NMC-Silicon
Battery System Battery System

D X $610/kWh $248/kWh &
o Q : @ ENERY
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Sion Power (Tucson, AZ): $5.0M/3 years

600
A : : ~ Charge (Li plating)
500 —Demé)nstrated m Laboratorf cells An(o)de ‘Discharge (Li stripping)‘ Cazl;)de
> | L|S Today ]
X< 400 (VAV cells)
s | : ) || Lit Sg
I AN |
S 300 » ngSg
o : ; 3 .
i Li-S Dec. 2001—»( z o LiSe 2
5 g : LizSs 2
2 :
> 100 LisSs |
£ &
0 A A : A A ‘ © Li,S,
0 100 200 300 400 500 600 AN
Energy Density — Wh/I NN ' Li,S
Li A
Li/ N/ N/ N\ Li Li
Li: 3,860 mAh/g (vs 370 for graphite) Polysulfide-Shuttle
S: 1,672 mAh/g (vs ~200 for Li-ion cathode) - Load/ | +
Charger

b ;"\“""""L: U.S. DEPARTMENT OF
° )
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PolyPlus Battery Company (Berkeley, CA): $5.0M/2 years
- The Holy Grail of Rechargeable Batteries -

Interlayer

Li,0;

3-Phase Boundary
Liquid (solvent)-Solid(electrocatalyst)-Gas(O,)

0, +e =0, +e =0, electron transfer at 3-phase boundary

2Li* +0,* = Li,0, (s) precipitation of solid product in reservoir

Project Targets: 600 Wh/kg,1000 Wh/I, 1000 cycles

porous reservoir HO |} p Precipitation of Li,O, on catalyst or
! membrane leading to cell polarization
;: Non-uniform precipitation of Li,0,
leading to poor utilization of cathode
@ Catalyzed carbon = = @@ Uniform precipitation of Li,O, in reservoir
Teflon Bid L '®8 |eading to good utililization
Solid electrolyte
Protected
lithium \ PolyPlus/ S5
electrode Corning -z
= >
|/ -
— .
(@]
@
=
V’ / =
>
+improved air ‘ , “ S
electrode technology 250 mAh Rechargeable Li-Air
Prototype at end of year 2

\.il b| )\i'@
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Li: 3,860 mAh/g
0O2: 1,675 - 3,350 mAh/g

Discharge/charge rate: 1.0/0.5 mA/cm?
Discharge/charge capacity: 5.0 mAh/cm?2

45
Charges from 15t to 26
4.0
3.5
1st disch@rge
3.0
\
25 Discharges from 2"d to 271"
2.0

0 1 2 3 4 5
Capacity, mAh/cm?2




FastCAP Systems (Boston, MA): $6.7M/2.5 Years

Superconductors are faster cycling than
batteries, but store less enegy

-

+ye

BATTERY

Batteries store energy
using chemical reactions
between an electrolyte and

positive and negative
electrodes V.

Y4

CAPACITOR

i

~

Capacitors store static

electricity by building up

opposite charges on two
metal plates

Fastcap supercapacitors will compete with
today’s lithium ion batteries

/ Today’s supercapacitor carbon supports\
are low surface area, subject to

degradation and self-discharge

UPER
CAPACITOR
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